C ontrol over the physical shape of conjugated polymers provides an intriguing possibility to isolate and investigate the impact of molecular topology on exciton behavior. 1 Cyclic molecules can exhibit profoundly different dynamics to their linear counterparts 2, 3 both through symmetry-enforced radiative rate suppression 4 and thermally activated superradiance 5 and through a reduction in the size of the conformational manifold that the molecule may explore. 6 Within the conventional Kasha model, 7, 8 radiative rate suppression (for nanorings) or enhancement (for linear oligomers) is analogous to the formation of H (or J) aggregates, respectively. 9, 10 Exciton delocalization around a cyclic structure is known to lead to a strong suppression of the fluorescence, for instance, in benzene. 11 Such delocalization has been shown to play an essential role in chlorophyll-based natural light-harvesting systems 12−14 and is often observed as an ultrafast drop in fluorescence anisotropy. 4 However, as the ring sizes increases a fundamental question arises: when the local environment experienced by an excitation spans just a subsegment of the cyclic molecule, do its emissive properties reflect those of a molecular ring or of a linear chain?
In this study, we address the relationship between molecular topology and exciton delocalization dynamics. We report a synthetic approach to linear conjugated porphyrin oligomers, which provides excellent control over chain length from 6 to 42 repeat units; furthermore, by exploiting supramolecular Vernier-templating, cyclic nanorings were produced with a similar number of repeat units. 6,15−17 Large porphyrin nanorings have already been shown to exhibit fundamentally different folding properties to linear chains, 6 and have been used to investigate energy transfer in biomimetic systems. 18 By investigating both photoluminescence (PL) polarization anisotropy dynamics 2 and PL radiative rate, we probe the extent and spatial arrangement of photoexcited excitons as a function of molecular size and topology. We have recently shown that nanorings with fewer than 24 butadiyne-linked porphyrin units (<30 nm circumference) show a reduction in radiative rate and ultrafast (<200 fs) emission depolarization relative to their linear counterparts indicative of exciton delocalization over the full nanoring within the duration of the exciting pulse. 5 Here we show that as we go beyond this size range, toward larger rings with up to 40 porphyrin units, the absorbing states begin to show clear signs of localization on part of the ring. Such large nanorings show anisotropy dynamics that qualitatively tend toward their linear counterparts. Monte Carlo conformation and exciton dynamics simulation demonstrate that the gradual shift from fully delocalized absorbing and emitting states for small rings (N ≈ 6) is followed by a transitional range for intermediate ring sizes (6 < N < 30) for which the absorbing state is still delocalized but emission occurs from localized states. For the very largest rings (N ≥ 30), localization is found to occur in both absorption and emission. Intriguingly, the quantitative exciton dynamics remain different from those observed for linear molecules even for the largest nanorings studied, revealing a persistent role of topology on energy dynamics, as confirmed using Monte Carlo conformational and exciton dynamics simulation.
Large monodisperse butadiyne-linked porphyrin oligomers were prepared in both linear and cyclic (nanoring) topologies ( Figure 1 ). Nanorings were made using classical 19 and Vernier 6,17 template-directed synthesis, while linear oligomers of 12, 22, 26, 32, 34 , and 42 porphyrin units were made by the novel synthetic approach shown in Figure 1b Figure 1d . This curve shows a saturation at about 20 porphyrin units, corresponding to an effective conjugation length 21 of ca. 27 nm, which is long compared with most other conjugated oligomers; 22−24 for instance, polythiophenes have been shown to have an effective conjugation length of between 4 25 and 16 nm. 21 All optical experiments were carried out at room temperature in a toluene/1% pyridine (v/v%) solvent. Steady-state absorption and PL measurements were used to establish the basic photophysical properties and to confirm the strong conjugation of the porphyrin oligomers, 26 while fluorescence quantum yield and time-resolved PL measurements were employed to determine the radiative rates 27 (data in the Supporting Information).
Time-resolved PL spectroscopy was performed using an upconversion technique. The sample was excited using ultrafast 780 nm (1.59 eV) laser pulses with a fluence of 125 pJ/pulse, creating excitons in the Q x band. (See the absorption spectra in the Supporting Information.) Emission was monitored at 860 nm (1.44 eV) for all samples. This wavelength is close to the peak emission for all samples except for the shortest linear oligomers l-P6; however, we note that there is little difference in anisotropy for off-peak detection. 5 Typical PL decays for each sample are given in the Supporting Information.
PL polarization anisotropy is calculated using
where I para and I perp are the PL intensities measured with detection polarization parallel and perpendicular to the excitation pulse polarization, respectively. Several conceptually important cases have well-defined values for γ. 28 Short, linear oligomers typically exhibit γ = 0.4, indicating that the exciton transition dipole does not reorient following excitation.
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Molecules that support free reorientation of the transition dipole in a 2D plane show γ = 0.1, as is the case for molecules with high 2D rotational symmetry. 2, 3, 30 Finally, molecules that support complete, 3D reorientation from the originally excited dipole transition ought to display γ = 0. Molecules such as the smaller nanoring systems presented typically have γ ≤ 0.1, 4 arising from disorder-induced deviation of the molecule from perfect two-dimensionality, while linear chains show a dynamic reduction in anisotropy as the exciton migrates from its photogeneration site to a random orientation set by the chain conformation. 31, 32 Three aspects of the time-resolved anisotropy are particularly useful. The value of the PL anisotropy within the first ∼200 fs after excitation describes the relationship between the initially created and relaxed/self-localized exciton. The late-time anisotropy (after ca. 20 ps) is related to the eventual reorientation of the emissive exciton from its initially generated position. Lastly, the PL anisotropy dynamics provide information on the local environment of the exciton, specifically the curvature and diffusion or transport mechanism. Over a longer time scale, molecular reorientation in solution leads to all samples having a low PL anisotropy value (γ ≈ 0); for this reason, we restrict our measurements to the first 20 ps, where The time-dependent PL polarization anisotropy of all cyclic and linear oligomers is shown in Figure 2 , while the initial (t = 0 ps) and late time (t = 20 ps) values of the anisotropy are summarized in the lower panel of the figure. Nanorings with 20 or fewer porphyrin units show an ultrafast and complete depolarization in two dimensions, as indicated by a value of γ(t = 0 ps) ≤ 0.1, in agreement with previous studies, 2,4,5 indicating an ultrafast loss of polarization memory due to exciton delocalization over the full nanoring. Conversely, linear chains of any size show a fast initial drop in anisotropy from values of between 0.2 and 0.4, followed by a picosecond decay. Strikingly, as the nanorings exceed 20 porphyrin units, the anisotropy dynamics begin to mirror the behavior observed for the linear chains with a clear decay dynamic indicative of excitons migrating along the molecule. One distinct difference remains: the value of γ drops to ≤0.1 more rapidly for the cyclic molecules, which we discuss later.
PL anisotropy provides information on the relative orientation of the initially excited and emissive exciton dipole direction and hence the delocalization of the absorbing state, while the radiative rate is a sensitive probe of the delocalization in the emissive state. In the Kasha model, 7 the lowest lying fully delocalized exciton state in a cyclic molecule is expected to have no net transition strength, whereas the transition strength of linear chains are expected to scale with chain length. Assuming that excitons relax to the lowest lying energy level available over the femtosecond time scale, the radiative rate for a molecule is a good measure of this transition strength. Figure 3 shows this rate for the linear molecules and nanorings, where the radiative rate k r is calculated using the PL quantum yield ϕ and overall PL lifetime τ, via k r = ϕ/τ. (See the Supporting Information for full details.)
We have previously shown that in the smallest c-P6 nanoring the exciton radiative rate is significantly suppressed 19 due to the circular symmetry of the lowest excited state, with the majority of the PL arising from dynamic symmetry breaking via Herzberg−Teller coupling. 4 As the molecules increase in size, the emissive rate for the nanorings tend toward the value of their linear counterparts. For the largest rings, the wave function may no longer be delocalized around the whole ring circumference, 5 leading to the exciton experiencing an effectively linear chain environment. 3 In the intermediate regime, a variety of processes may account for excitons appearing to have a larger radiative rate than naively expected (from the Kasha model), for instance, static or dynamic symmetry breaking 5 or thermal population of higher lying states with more closely spaced energy levels 33 for the larger rings.
There is negligible change in the radiative rate for the linear oligomers over the range of molecule lengths studied. While an increase in radiative rate with oligomer length has been observed for shorter oligomers, 5,27 this effect is static over the presented size regime because the emissive exciton is limited in size and does not sample the whole molecule. It is noted that, while close, the radiative rates for the nanorings and oligomers do not tend to the same asymptote. A topological origin of this effect may be ruled out (see the Supporting Information for details); a structural cause is most likely, as the presence of an end group on a linear chain is expected to slightly perturb the emitting state.
To gain further insight into the anisotropy values measured for the samples, we perform a simulation of molecular conformation and exciton dynamics. Both the anisotropy dynamics and radiative rate may be qualitatively described by exciton generation, self-localization, and diffusion processes. A quantitative description requires knowledge of the molecule conformation, the initial and final exciton sizes, and the specific exciton migration process. The conformation for both linear and cyclic molecules in solution is expected to deviate from the idealized gas-phase shape predicted by naïve energy minimization; we have previously shown that nanorings adopt an open circular conformation with a range of elliptical distortions using small-angle X-ray scattering 15, 16 and scanning tunnelling microscopy. 17 For the linear molecules, a typical chain is generated using the Monte Carlo random-walk approach described in refs 32 and 34. For the nanorings, typical conformations are generated using the Metropolis Markovchain approach (and parameters) introduced in ref 35 . A full account of details associated with the model is provided in the Supporting Information.
One method of estimating the initial size of the exciton is the "effective conjugation length" approach of Meier, 21 wherein a fit to a plot of peak absorption energy against 1/N is used. (See Figure 1d .) For the presented linear molecules, an initial effective conjugation length of ∼20 porphyrin units is calculated, which is also used for the cyclic molecules. While other metrics exist, 22 we find that the values generated by the Meier method give a good fit between simulation and experimental data. The final size of the exciton (after selflocalization) is less easily calculated. Within the Kasha model, the radiative rate for a linear chain is expected to increase with chain length up to the emitting exciton size; we have previously shown that this is observed for oligomers of up to six units, 5 suggesting that the emissive exciton is limited in size to six or fewer units. The relationship between the initial anisotropy value and linear molecule length can also be used to estimate the emissive state size; this value is expected to remain constant for chains longer than the final state size. The initial anisotropy saturates at a lower bound for oligomers of between four and seven porphyrin units (5.4−9.5 nm 24 ), as shown in Figure 2 . These values for the relaxed exciton size are comparable to those previously measured, for instance seven units (∼5.5 nm 36 ) for thiophene-based polymers as used by Westenhoff and colleagues 32 or four units (∼3 nm 37 ) for the more weakly coupled bacteriochlorophyll monomers in natural light-harvesting system LH2 determined by Pullerits et al. 38 For the following modeling, a value of six repeat units is used; however, the modeling is not highly sensitive to the choice of this parameter within the four to seven range.
A line-dipole model is used to describe the exciton wave function, Ψ k , where
39 Here k is an index over the exciton energy levels, a k (i) is an amplitude prefactor, and ϕ i is a exciton subdipole wave function localized on the ith porphyrin unit. We restrict ourselves to considering the lowest (k = 0) exciton energy level for simplicity. The wave function may be generated in one of two ways; for the fully delocalized nanoring states, the exciton is divided between all sites with equal amplitude (a(i) = constant), while for localized states, a sine function (such as used for describing the lowest energy wave function for a 1D particle-in-a-box) is used, where
Here n is the length of the conjugated region enumerated in porphyrin monomer units; the 0.5 offset is used to place exciton amplitude on n monomer units. We randomly place an exciton on the generated molecular conformation which is then allowed to self-localize and migrate. Self-localization is simply modeled by an ultrafast reduction in size of the exciton, while migration is simulated using a simple 1D diffusion model with an exciton diffusion constant of 2 units 2 /ps (corresponding to ∼3 nm 2 /ps) obtained using an iterative optimization procedure. Here, we refer to on-chain migration as opposed to the combination of intra-and interchain migration typical of solid state polymer films.
40 An ensemble anisotropy value can then be calculated assuming a random orientation of the molecule by use of
where n is an index over the porphyrin sites, a ini and a f are strength distributions for the initial and final exciton wave function and φî is the vector describing the dipole subunit orientation at each point. We generate 300 conformations for each studied molecule and simulate 50 exciton creations for each conformation to produce an average anisotropy dynamic. Figure 4 shows a typical simulated molecule conformation with selected initial and final exciton wave functions along with experimental and averaged simulated anisotropy for four key cases. We emphasize that the primary input parameters to the simulation are independently determined, such as the initial and final exciton size and porphyrin-porphyrin bond bending constant (used in the Metropolis model 35 ) , with the exception of (i) the disorder parameter for the linear chain and (ii) the exciton diffusion constant which were both chosen for a good fit to the data. (Simulation results for all molecules used in this study are given in the Supporting Information.)
The absolute values and dynamics generated by our model agree remarkably well with the experimental values for polarization anisotropy, while simulated dipole strengths (see Supporting Information) qualitatively mirror the experimental values in Figure 3 . The smallest nanoring (c-P6) exhibits initial anisotropy values of γ ≤ 0.1, arising from a fully delocalized absorbing and emitting state, in agreement with recent descriptions of its emission spectrum in terms of dynamic symmetry breaking (via the Herzberg−Teller mechanism). 4 The largest nanoring (c-P40) cannot support a fully delocalized exciton state, leading to anisotropy dynamics qualitatively resembling its linear counterpart l-P42. Interestingly, the anisotropy decay for c-P40 is notably quicker than for l-P42: the cyclic constraint requires the chain to curve more strongly, leading to a faster decay for a given molecular size. Intermediate nanorings (c-P10 and c-P20) are unlikely to support fully delocalized emissive states but retain ultrafast anisotropy loss because of a delocalized absorbing state which effectively randomizes the relative orientation of the absorbing and 3 The present model does not take into account quantum coherence, 13, 41 static distortion 42 or breaks in conjugation, 31 due to the computational challenges arising from a full quantum-chemical treatment.
In conclusion, we have shown that exciton dynamics depend critically on both molecular size and shape. We demonstrate that a fully delocalized absorbing state persists to surprisingly large nanoring sizes, highlighting the use of such strongly coupled cyclic structures in quantum coherent 43 or lightharvesting applications. 12 For the largest nanoring sizes, both the absorbing and emitting state become localized resulting in radiative rates and lower anisotropy limits that approach the values measured for their linear counterparts. However, the dynamic decay of the polarization anisotropy in the cyclic structures remains faster than in their linear equivalents. In other words, while the quantum state described by the exciton wave function on the largest nanorings tends toward that on linear conjugated molecules, the later time evolution of the excitation continues to depend on the macrostructure of the system revealing a difference in the topology of the molecule. Our work therefore reveals that the fundamental issue of "ringlike" molecular behavior is governed by both quantummechanical and conformation limits. 
